Objective To evaluate the heat effects of radiofrequency ablation (RFA) on normal bone by mechanical testing, MRI, and histology. Materials and methods The institutional animal care and use committee approved the animal study. Thirty-two adult Japanese white rabbits were included in our study. Bone biopsy needles were inserted from the distal end of the right (RFA side) and the left (control side) femurs using a fluoroscopic guide. A 17-gauge internally cooled RFA electrode with a 2-cm active tip was inserted through the needle to the right femur, and RFA was performed for 12 min using a 200-W generator. Animals were divided into four groups and 8 animals from each group were euthanized on day 1, day 7, day 30, and day 60 after RFA. MRI was performed prior to euthanasia. Three-point bending test was performed to measure flexural strength. Student's t test was used to evaluate for significant differences between RFA and control side for each group. Femurs underwent histological examination by hematoxylin and eosin staining after the bending test. Results MRI showed a high-intensity rim around the bone on T2WI. Three-point bending test showed no statistically significant differences (P<0.05) between the RFA and the control side in any of the groups. Histologically, osteocytes of cortical bone showed cell death, but the lamellar structure was preserved in all groups and bone remodeling was observed. Conclusion Heat by RFA did not change normal bone strength within 2 months, despite the heat effects in the cortical bone and cell death.
Introduction
Radiofrequency ablation (RFA) is a well-known technique for inducing tissue coagulation around the tip of an electrode as a result of resistive heating. Since Rosenthal et al. first described the use of radiofrequency ablation (RFA) to treat osteoid osteomas [1] , an increasing number of investigators have reported the efficacy of RFA for bone tumors including bone metastasis [2] [3] [4] [5] . However, some investigators have reported bone fractures as a complication of RFA [6] [7] [8] . It is important to determine whether bone fractures occur because of RFA; nonetheless, there are few reports on the mechanical properties, imaging, and histology after RFA of the bone.
The purpose of this study is to clarify whether heat from RFA alters the strength of normal bone by performing mechanical testing and histological and MRI evaluation after RFA.
Materials and methods
The institutional animal care and use committee approved our study. Thirty-two adult Japanese white rabbits weighing 3.64±0.46 kg (mean ± standard deviation) were included. They underwent RFA in the right femur, and were divided into four groups (day 1, day 7, day 30, and day 60; n=8 in each group), and 8 rabbits were euthanized 1 day, 7 days, 30 days, and 60 days after RFA. MRI, including T1-and T2-weighted images, was performed immediately prior to euthanasia. Mechanical testing was performed for the right and the left femurs, followed by histological examination.
Radiofrequency ablation
Animals were anesthetized with 40 mg/kg pentobarbital (Dainippon Pharmaceutical; Chuo-ku, Osaka, Japan) by intravenous injection, and were placed in the supine position. Abdomens were shaved and covered with 8-×12-cm wire mesh grounding pads (Radionics, Burlington, MA, USA). A 13-gauge bone biopsy needle (Osteo-site; Cook Medical, Bloomington, IN, USA) was inserted from the distal end of the right femur (RFA side) and the left femur (control side) under fluoroscopic guidance (SIREMOBIL2000; Siemens, Munich, Germany). A 17-gauge internally cooled RFA electrode with a 2-cm active tip (Cool-Tip; Covidien, Mansfield, MA, USA) was inserted through the bone biopsy needle to the right femur and the end of the active tip was positioned in the center of the bone marrow, which was about 5 mm from cortical bone and 6 cm from the distal end of the femur (Fig. 1) . We made a hole to insert the RFA electrode outside the ablation area so that we could evaluate the heat effect of ablation on the mechanical property of the bone and exclude the effect of the hole.
Experiments were performed with an RFA generator (CC-1; Radionics, Burlington, MA, USA) capable of producing a maximal output of 200 W. A peristaltic pump (PE-PM; Radionics) was used to deliver 0°C distilled water through the electrodes at more than 60 mL/min. Application started with 10-W output and increased by 5 W/min [9, 10] . The current was switched off at the point when the impedance rose to 20 Ω above the baseline value. One minute after switching off, the current was switched on again at 10 W and increased by 5 W/min. The application was repeated until the total application time was 12 min. The temperature was measured using the sensor in the tip of the RFA electrode immediately after the application was finished.
Magnetic resonance imaging
Animals were divided into four groups (day 1, day 7, day 30, and day 60; n=8 in each) and MRI was performed on day 1, day 7, day 30, and day 60 after RFA respectively. Rabbits underwent MRI under anesthesia with 40 mg/kg pentobarbital prior to sacrifice. We used a 1.5-T scanner (MAGNETOM Symphony + Vision; Siemens, Munich, Germany) and a body array coil. Sagittal conventional spin-echo T1WI, T2WI, and STIR images were obtained using 2-mm section thickness, 0.2-mm intersection spacing, and a 15-×15-cm field of view. For T1WI spin-echo images, a TR/TE of 500/11 ms/ms and a matrix of 384×230 were used. For T2WI, a TR/TE of 3,000/100 ms/ms, an echotrain length of 13, and a matrix of 384×230 were used. For STIR images, a TR/TE of 5,000/100 ms/ms, a TI of 150 ms, an echotrain length of 13, and a matrix of 384 × 230 were used. Measurements were made of the maximum short-axis diameter of lesions perpendicular to the electrode axis.
Mechanical testing
Animals were euthanized after MRI and femurs were harvested without surrounding muscles. We conducted a three-point bending test, which was the most widely used [11] , and obtained data for various biomechanical parameters [12, 13] . A universal testing machine (UH-300kN; Shimazu, Kyoto, Japan) was used to apply the load to the femur (Fig. 2) . The span of the two lower rollers was set at 60 mm. The femur was set on the two lower rollers, with the center of the upper roller being applied to the center of the ablation zone (50 mm from the distal end of the femur), while the lower rollers made contact with bone outside of the ablation area. A three-point bending test was carried out at a constant displacement rate of 10 mm/min, which was recommended in a previous study [14] . Testing involved measurement of the vertical displacement of the femur at the point of load application and concurrent measurement of load, yielding a load-displacement curve. Maximum load, which was consistent with the breaking point, was obtained from the load-displacement diagram.
Analysis
Maximum load (fracture loads) on the RFA side was compared with the values obtained for the control side in each group from day 1 to day 60. Student's t test was used to determine the significance of differences. All tests were twosided, and a P value of less than 0.05 was considered to indicate a significant difference. Data analysis was performed using Microsoft Excel (Microsoft Corporation, Redmond, WA, USA).
Histological examination
After the bending test, fractured femurs were fixed in 10 % phosphate-buffered formalin. Subsequently, they were stained with hematoxylin and eosin for histological evaluation.
Results

Radiofrequency ablation
Needle insertion and RFA were performed without complications. The mean temperature around the tip of the RFA electrode when the ablation was finished was 80.2±7.8°C (mean ± standard deviation). MRI, mechanical testing, and histological studies were performed for all animals, there were no signs of infection or fractures, and no animals died within the follow-up period.
Magnetic resonance imaging
In the day 1 and day 7 groups, MRI revealed a high-intensity rim around the cortical bone on T2WI and STIR (Fig. 3) . Bone marrow showed a heterogeneous intensity signal on T1WI, T2WI, and STIR. In the day 30 and day 60 groups, the highintensity rim decreased in size over time. Cortical bone showed no signal changes in any of the groups. The maximum short-axis diameters of the high-intensity rim around cortical bone perpendicular to the electrode axis on STIR were 25.2±1.1 mm (mean ± standard deviation) on day 1 after RFA, 32.8±2.3 on day 7 after RFA, 18.8±1.2 on day 30 after RFA, and 20.2±6.1 on day 60 after RFA.
Mechanical testing
The mean fracture loads for the RFA and the control sides are shown in Table 1 . In the day 1 group, the mean fracture load was 375.2±55.4 N (mean ± standard deviation) for the RFA side and 407.5±43.0 for the control side. In the day 7 group, the mean fracture load was 367.4±29.8 for the RFA side and 355.4±28.3 for the control side. In the Dad 30 group, the mean fracture load was 365.8±43.6 for the RFA side and 362.2±44.8 for the control side. In the day 60 group, the mean fracture load was 403.2±50.4 for the RFA side and 386.4±65.1 for the control side. There were no statistically significant differences between the RFA and control side in any of the groups.
Histological examination
In the day 1 group, osteocytes, the periosteum, and lamellar structures in cortical bone of the RFA side indicated no obvious changes (Fig. 4) compared with the control side. In the day 7 group, osteocytes shrank and periosteum disappeared high-intensity rim around the femur and no intensity changes were observed on cortical bone throughout the study period Data are mean ± standard deviation N newton Fig. 4 Center of the ablation area of cortical bone of the right femur (RFA side) in the day 1 group. Photomicrograph shows osteocytes (white arrow), lamellae (black arrow), and periosteum (arrowhead), which are similar to those in the left femur (control side, not displayed; hematoxylin and eosin staining, original magnification, ×40) in the center of the ablation area of cortical bone on the RFA side, while lamellar structures were preserved (Fig. 5 ). In the day 30 group, osteocytes disappeared, but lamellar structures were preserved in the center of the ablation area. On the other hand, in the peripheral area of the ablation zone, the periosteum became thick and the proliferation of osteoclasts and osteoblasts was observed (Fig. 6 ). In the day 60 group, new lamellar structures were observed in the peripheral ablation area (Fig. 7) . The proliferation of osteoclasts and osteoblasts in the peripheral ablation area was similar to that observed in the day 30 group. The original lamellar structures in the center of the ablation area were also preserved.
Discussion
Radiofrequency ablation is often used to treat tumors in long bones and the spine that are subjected to loads, and some investigators have reported a risk of bone fracture after RFA [6] [7] [8] . Bone is composed of collagen and hydroxyapatite, and with extreme heat (750-800°C), dehydration of collagen decreases the elasticity of bone and heat-induced fracture occurs [15] . However, there have been few reports evaluating the mechanical properties, imaging, and histology of bone after RFA (about 60-100°C [16] ). Our mechanical study showed no apparent changes in bone strength after RFA even though the histological findings showed that heat created by RFA induced cell death. Martel et al. performed RFA on the diaphysis of the long bones of dogs. They found that no pathological fractures occurred and that the cortical bone was not damaged by RFA [17] . Our mechanical test data appear to be consistent with their report.
On the other hand, Cantwell et al. performed RFA in intact long bones of pigs and reported two humeral fractures at 21 and 28 days after RFA [6] . However, they created defects in cortical bone at the site of ablation using a K-wire to insert the RFA electrode into the bone; thus, their results may have been due to drilling. In the clinical setting, the shortest distance through the bone is often selected for access and an RFA electrode may be inserted through the hole of intact bone, or may be inserted directly to the tumor. But in this way, we cannot reveal the cause of the change of strength of bone (if any), heat or hole. We inserted the electrode through the cortical bone outside of the ablated area because we wanted to know the effects of heat from RFA for mechanical properties and exclude the effects of the hole. It appears that heat from RFA does not change the strength of the bone, but the effect of the hole made by a biopsy needle or a drill for strength is still unknown from our study. Rosenthal et al. reported 2-year follow-up data for 126 procedures of RFA of osteoid osteoma and they reported no fracture [2] . They used a 16-gauge biopsy needle and drill to access the tumor lesion (nidus) before ablation. Sans et al. reported CT-guided percutaneous resection in 38 patients with osteoid osteoma, with a mean follow-up of 3.7 years and reported two femoral fractures [18] . They used a tooth drill 7-10 mm in diameter for the complete excision of the nidus and they did not perform RFA after drilling. These previous clinical results suggest that a large hole might decrease the strength of bone.
Dierselhuis et al. reported two patients with a femur fracture after RFA for metastatic tumor and chondrosarcoma, and they described the risk of bone fracture by RFA [7] . However, destruction of normal tissue by tumor invasion may have decreased bone strength and could have been a causative factor. Metastatic destruction of bone reduces its loadbearing capacity, resulting in trabecular disruption and microfractures, and subsequently, total loss of bony integrity [19] . It is reported that 20-50 % of patients with metastatic bone tumor from the breast, prostate, and other organs experience pathological fractures [20] .
We used the ablation protocol [9, 10] with internally cooled electrodes and a gradual increase in power to provide enough coagulation volume, including cortical bone and bone marrow. It is reported that perfusion of radiofrequency electrodes with chilled saline allows for increased power deposition without tissue charring [16] , and a gradual increase in power and restarting the generator after the experiment initially reached impedance produced larger volumes of coagulation [10] . These techniques have been applied to the ablation of larger metastatic bone tumors [21] , compared with an osteoid osteoma nidus.
Lee et al. [22] reported that the high-intensity rim on T2WI in the outermost zone corresponded to granulation tissue, and inner hypo-and iso-intensity areas in the inner zone corresponded to hemorrhagic congestion and coagulation necrosis. The high-intensity rims observed on T2WI and STIR in our study were similar to those in previous studies [22, 23] . These findings appear to indicate that heat from the RFA extended over the cortical bone.
On histological examination of cortical bone, our study showed no obvious changes in lamellar structure in the center of the ablation area. The stability of lamellar structures for RFA was consistent with our mechanical test results, which showed no decreases in bending strength. Cortical bone contributes significantly to the mechanical strength of bone [24] , and the assessment of cortical bone strength is considered to be relevant for the prediction of fracture risk [25] . Microscopically, lamellar structures and their secondary structures, the Haversian system, are basic units of cortical bone and determine its macroscopic mechanical properties [26] .
On the other hand, osteocytes and the periosteum disappeared in the center of the ablation zone, which indicated that cell death occurred because of the heat of RFA. In the peripheral area of the ablation zone, proliferation of osteoclasts and osteoblasts was observed in the day 30 group and new lamellar structures had been formed in the day 60 group, which indicates that bone remodeling occurred. Bone remodeling is a process of replacement in which activation of osteoclast precursors leads to resorption, followed by the formation of concentric layers of bone-matrix by osteoblasts [27] . The end product is a completed Haversian system comprising a central Haversian vascular canal surrounded by concentric lamellae of mineralized bone. Our experiment indicated that RFA damaged osteocytes in the ablation zone, while bone healing occurred in the peripheral areas of the ablation zone.
One limitation of this study is that the observation period was only 2 months. As Eriksen et al. reported [28] , bone remodeling generally takes over 150 days to complete. In addition, it remains unknown when bone remodeling after RFA is completed throughout the ablation zone. Second, as previously mentioned, we investigated the pure heat effect for bone and we did not examine the effect of the creation of the hole. In conclusion, heat from RFA did not change bone strength within 2 months, despite the heat effect inducing cell death. Cortical bone showed remodeling in the ablation area.
